INTRODUCTION
Almost five years after the 12 May 2008 M w 7.9 Wenchuan earthquake, the Longmenshan fault zone was struck by the April 20 M w 6.6 Lushan earthquake, with its hypocenter located ∼45 km southwest of the southern end of the Wenchuan surface rupture (Han et al., 2014; Zhang et al., 2014; Fig. 1) . Such proximity in space and time between the two events implies that the later event is an aftershock of the previous one, or in other words, the previous event played a more important role in the occurrence of the latter than the long-term tectonic loading did. Early studies on the problem had split opinions. On one hand, Du et al. (2013) , Liu et al. (2013) , and Xu et al. (2013) considered the two earthquakes as independent events. Wang et al. (2013) and Parsons and Segou (2014) , on the other hand, claimed that the Lushan earthquake should be viewed as an aftershock of the Wenchuan earthquake. Whereas each group has its own basis of reasoning, lack of quantitative examination makes these claims less convincing. In recent years, Coulomb stress change has been widely used in estimating magnitude of stress loading for identification of areas or structures at increased risk of earthquake triggering (e.g., Harris, 1998; Stein, 1999; Chéry et al., 2001; Freed and Lin, 2001; Pollitz and Sacks, 2002; Freed, 2005; Steacy et al., 2005; Gomberg and Felzer, 2008) . In this paper, we apply this method to investigate to what extent the Lushan earthquake has been triggered by the Wenchuan earthquake. Previous studies have explored the consequence of the 2008 Wenchuan earthquake on the changes in Coulomb stresses on the major faults in the region (Parsons et al., 2008; Toda et al., 2008; Luo and Liu, 2010; Wan and Shen, 2010; Xu et al., 2010; Nalbant and McClosky, 2011) . These studies indicated that both coseismic rupture and postseismic viscoelastic relaxation of the 2008 Wenchuan earthquake may have significantly increased/ decreased stress levels on some neighborhood faults. Here we calculate both the coseismic and postseismic Coulomb stress changes caused by the 2008 Wenchuan earthquake based on a 3D viscoelastic model with updated coseismic slip distribution, and compare these contributions with the tectonic stress loading accumulated since the Wenchuan earthquake to assess the significance of the triggering effect of the Wenchuan earthquake.
EVALUATING COULOMB STRESS CHANGE
In this paper, we calculate the Coulomb stress change and evolution in the western Sichuan, China region induced by the 2008 Wenchuan earthquake. The active-fault model is adopted from Deng et al. (2007) , with some simplification. Particularly for the surface locations of the Longmenshan fault zone in our model, we employ the surface rupture trace of the 2008 Wenchuan earthquake along the main fault (Shen et al., 2009 ) and the surface trace of rupture zone of the 2013 Lushan earthquake resolved by Z. Jiang et al. (unpublished report, 2013; see Data and Resources) . Vertical faults are assumed for strike-slip dominant faults, which include most of the faults in the region; and slant faults are prescribed for the Longmenshan and Daliangshan faults, whose dip angles are 38°-90°and 75°, respectively. We use the PSGRN/PSCMP code provided by Wang et al. (2006) and an updated coseismic slip model of the Wenchuan earthquake using data provided by Shen et al. (2009) and Wang et al. (2011) to calculate stress evolution after the Wenchuan earthquake. The viscoelastic structure of the lithosphere in the model is illustrated in Figure 2 . We did not consider afterslip effect in this calculation, because its contribution is not very large compared with that of the mainshock (Shen et al., 2009) and is concentrated in near field due to its relatively shallow origin in comparison with the viscous relaxation . Most of the aftershock contributions have been accounted for implicitly, because the coseismic slip model was constrained by data collected a few weeks or even months after the mainshock, by then most of the large aftershocks occurred already. Those occurred in later times after the geodetic data collection (whose magnitudes are 6 or less) would result in regional stress changes which are much smaller than that predicted by the coseismic model adopted here.
From the Coulomb friction criterion, the Coulomb failure stress change (ΔCFS) on a fault interface is defined as ΔCFS Δτ s μΔσ n Δp; 1 in which Δτ s is the change of shear stress, Δσ n the change of normal stress (positive for extension), μ the friction coefficient, and Δp the change of pore pressure (Stein et al., 1992; King et al., 1994) . The effect of friction reduction due to pore pressure can be represented by an equivalent friction coefficient μ ′ μ1 − B, in which B is the Skempton coefficient, in the range of 0-1 (Rice, 1992) . Equation (1) therefore becomes
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In our calculation, we project the earthquake induced stress change first onto a fault plane, then to the slip direction of that fault. The Δτ s is positive if it is in alignment with the fault-slip direction and vice versa. The slip directions of the fault segments are adopted from Deng et al. (2007) . We assume μ ′ 0:0, 0.4, and 0.8 and evaluate the ΔCFS on faults, and assess how variation of this parameter would affect the results. We finally assess seismic potential changes on faults by comparison between Coulomb stress variations induced by the earthquake and the long-term tectonic loading, in terms of advancing/delay times of earthquake recurrence.
ESTIMATING ADVANCE/DELAY TIMES OF EARTHQUAKE RECURRENCE
Under a linear Coulomb stress loading assumption, we can use present day tectonic deformation rates to convert the earthquake-induced ΔCFS on faults into the advance/delay times to the next characteristic earthquake on the fault segments. Such assessments are done in three steps for a selection of faults.
▴ Figure 1 . Topography and fault map of the study area. Black curves are quaternary faults. Red curves mark the surface rupture trace of the Wenchuan earthquake with an inset sketch showing the earthquake source model First, we collect all the Global Positioning System (GPS) data available in the region and process the data to obtain an updated interseismic horizontal-velocity field for the estimation of secular slip rates across faults. Combined with GPS data from the International Global Navigation Satellite Systems Service tracking stations, GPS data in the region are processed to obtain station positions and velocities with respect to a global reference frame (Shen, King, et al., 2011) . Stations located in the vicinities of strong earthquakes, such as the Wenchuan earthquake, also have their coseismic offsets and postseismic displacements (modeled as logarithmic decays) estimated. Regional station velocities are subsequently transformed to the South China reference frame using angular rotation rate of the South China block calculated from the velocities of GPS sites located within the block. Ⓔ This GPS horizontal-velocity dataset is provided in the supplementary material (Table S1 in supplement).
To estimate interseismic fault slip rates we select eight GPS velocity profiles across the Longmenshan, Xianshuihe, Daliangshan, and Mabian-Yanjin faults (Fig. 3 ). For better visualization the station velocities are rotated to reference to the South China block for the profiles across the Longmenshan, Daliangshan, and Mabian-Yanjin faults, and to the SongpanGanzi block for the profile across the Xianshuihe fault. Such rotations are done by selecting stations located in the reference block, computing the Euler rotation vector using these station velocities, and removing the rigid block rotation predicted using the Euler rotation vector from the station velocities. GPS station velocities within eight rectangles spanning the fault segments are decomposed into strike-parallel and strike-normal components, respectively, as shown in Figure 3 . Surface velocity field associated with an infinitely long fault locked above a depth H and creeping underneath at a rate S in a half-space is in the form of Dx 2S=π atanx=H (Savage and Burford, 1973) , in which x is the distance from the fault in fault-normal direction and H is determined as 20 km. According to this formula, decomposed GPS velocities are inverted for secular slip rates across the northeastern (0:3 0:4 dextral and 1:2 0:3 mm=yr shortening), central (0:3 0:4 dextral and 2:9 0:5 mm=yr shortening), and southwestern (0:4 0:5 sinistral and 3:0 0:4 mm=yr shortening) segments of the Longmenshan fault. The inversion was done for the northwestern (10:7 1:0 sinistral and 2:6 1:6 mm=yr extensional), central (10:4 1:1 sinistral and 0:0 0:7 mm=yr), ▴ Figure 3 . GPS horizontal-velocity field and velocity profiles across faults. (a) Arrows are GPS velocities with respect to the South China block, for which the Euler vector is calculated using velocities of GPS sites within the region southeast of the dashed line boundary. Error ellipses at the ends of the arrows represent 70% confidence. Rectangular frames encompassing fault segments mark the regions within which stations are depicted for slip-rate estimation and their velocity profiles are shown in (b) fault normal, extensional positive; and (c) fault parallel, sinistral positive. Squares with the same color as that of the corresponding frame represent data used for calculating fault-slip rates, and gray squares are those eliminated from the calculation due to contamination by activities of other faults. Gray curves show the predicted displacements across fault segments calculated using estimated fault-slip rates and fault-locking depth. Widths of the curves are proportional to the displacement uncertainties. Abbreviations are: LRB F, the Longriba fault; G-Y F, the Ganzi-Yushu fault; and ANH F, the Anninghe fault. and southeastern (10:2 0:6 sinistral and 0:6 0:6 mm=yr extensional) segments of the Xianshuihe, Daliangshan (8:3 0:7 sinistral and 0:3 0:7 mm=yr extensional), and Mabian-Yanjin (1:6 0:8 sinistral and 1:1 0:8 mm=yr shortening) faults, respectively (Fig. 3) .
Second, we convert the secular fault-slip rates into strain accumulation rates on faults at depth. This is done assuming steady slips across faults in an elastic half-space, and the formulae and computing code of Okada (1992) are adopted to calculate the strain-rate field induced by long-term tectonic loading. In each calculation, the fault is assumed to have the same dip angles as that used in CFS calculation, slipping on a plane of 20-2000 km in depth range and 1500 km in lateral length. The fault plane extension in width and length is necessary to eliminate the edge effect and account for the full contribution across the fault system. Third, we convert the strain-rate field to Coulomb stress rate _ τ ′ (in the form of Equation 2 with stress components replaced by stressing rate components, as shown in Figs. 4c, 5c, and 6c) on faults with media property prescribed as 3 × 10 10 Pa for shear modulus and 0.25 for Poisson's ratio, and estimate the advance/delay times of earthquake recurrence on faults using a formula ΔT ΔCFS=_ τ ′ (Figs. 4d, 5d , and 6d).
Because the values of ΔCFSs span in a wide range of −10 6 -10 6 Pa, we construct a function of ΔCFS and plot it using logarithmic scale for better visualization in 
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RESULTS
We evaluate the ΔCFS on faults at the depth of 10 km. Tests of evaluation at depth range of 5-15 km yield results with relatively small variations which have no significant effects to our conclusions. We also calculate the cases of μ ′ 0:0, 0.4, and 0.8 to illustrate how variation of this parameter would affect the results, and plot the results in Figures 4, 5 , and 6.
The calculated CFS changes on faults under the assumption of μ ′ 0:0 are shown in Figure 4 . The average changes of CFS on the rupture plane of the Lushan earthquake due to coseismic rupture and viscoelastic relaxation of the Wenchuan earthquake are 1:6 × 10 4 and 1:0 × 10 3 Pa, respectively. When total stress change is divided by the average tectonic stressing rate of 2:9 0:6 × 10 2 Pa=year, it appears that the Lushan earthquake was advanced by approximately 59:3 12:3 years by the Wenchuan earthquake. In addition, the coseismic stress change of the Wenchuan earthquake has increased CFS on the Anninghe, Daliangshan, Mabian-Yanjin, and central-southern segments of the Xianshuihe faults by values of 92, 3:3 × 10 2 , 2:1 × 10 3 , and 2:7 × 10 3 Pa, respectively. During the postseismic deformation process, CFS changes are negative for most of these faults except for the Longmenshan and the central segment of the Xianshuihe faults, on which up to 6:5 × 10 4 and 2:2 × 10 3 Pa stress loadings are estimated (Fig. 4b) . The total stress changes have significant effects not only at the rupture plane of the Lushan earthquake, but also at the rupture zone of the Wenchuan earthquake and the gap between the two earth- Colors between blue and green stand for decrease of ΔCFS or delay of earthquake recurring times, and between yellow and red for increase of ΔCFS or advance of earthquake recurring times, respectively. The color legends are in logarithmic scale of the absolute ΔCFS. Negative scale stands for decrease of ΔCFS or delay of earthquake recurring times, and positive scale for increase of ΔCFS or advance of earthquake recurring times, respectively.
tively. Part of the stress loading on the Wenchuan rupture plane is believed to have been released through afterslip, so the total loading effect should be much less than the number indicated. Meanwhile, the advance times of earthquake recurrence on the Mabian-Yanjin and central-southern segment of the Xianshuihe faults due to total stress loading are 5:5 3:2 and 2:1 0:2 years, respectively.
If μ ′ ≠ 0, the normal stresses on faults will contribute to the ΔCFS. The active faults with increased normal stresses induced by the Wenchuan rupture (i.e., corresponding to increases of ΔCFS ) are the Longriba and most part of the Xianshuihe faults, with ΔCFSs of 1:5 × 10 4 and 6:0 × 10 3 Pa, respectively (Fig. 7a) . The CFSs of the two faults are also increased during the five years after the Wenchuan earthquake by 3:3 × 10 3 and 2:1 × 10 3 Pa, respectively (Fig. 7b) , at fault segments slightly different from the ones with increasing ΔCFSs due to coseismic rupture.
The calculated CFS changes under the assumption of μ ′ 0:4 are shown in Figure 5 . The average ΔCFSs on the rupture plane of the Lushan earthquake are calculated to be 1:1 × 10 4 and 6:6 × 10 2 Pa caused by coseismic and postseismic loading of the Wenchuan earthquake, respectively. When the total stress change is divided by the average tectonic stressing rate of 2:6 0:5 × 10 2 Pa=year, it appears that the Lushan earthquake was advanced by approximately 45:9 8:8 years by the Wenchuan earthquake. ΔCFSs due to coseismic rupture on the Mabian-Yanjin and most part of the Xianshuihe faults are positive, with values of 1:1 × 10 3 and 4:3 × 10 3 Pa, respectively. Positive ΔCFSs are imposed by viscoelastic relaxation on most part of the Xianshuihe (3:0 × 10 3 Pa) and Longmenshan faults (7:8 × 10 4 and 8:7 × 10 3 Pa for the Wenchuan earthquake rupture zone and the gap zone between the two earthquake ruptures), respectively. The total stress changes have similar effects to that under the assumption of μ ′ 0:0, with advance times of earthquake recurrence of 577 165 and 534 107 years at the rupture zone of the Wenchuan earthquake and the gap zone between the two events. In addition, the recurring times of the Mabian-Yanjin and the central-southern segment of the Xianshuihe faults are advanced slightly.
We test another case assuming apparent friction coefficient μ ′ 0:8, and evaluate the ΔCFSs on fault planes at 10 km depth. Figure 6 shows the ΔCFS result. The corresponding advance time of earthquake recurrence due to the Wenchuan earthquake at the rupture zone of the Lushan earthquake is estimated to be 28:4 5:7 years. Comparing the ΔCFS estimates assuming μ ′ 0:8 with that of μ ′ 0:4 (Fig. 5 versus 6 ), we find that most of the ΔCFS estimates do not change much, or at least the senses of ΔCFS are not changed. Causes of the changes are the differential normal stresses between the two cases that are identical to the differences between the two cases of μ ′ 0:0 and 0.4, as shown in Figure 7 .
We assess triggering effect of the Wenchuan earthquake to the Lushan earthquake based on the ΔCFS and stress loading rate results given above. Because of stress loading caused by the Wenchuan earthquake, the Lushan earthquake may have been advanced for approximately 28.4-59.3 years depending on the assumption of equivalent friction coefficient of the fault plane. This means that the stress loading due to the Wenchuan earthquake is about 5.8-12.1 times of the tectonic loading during the time interval between the two events. We propose a measure for investigating to what extent one earthquake could be ▴ Figure 5 . ΔCFS caused by the Wenchuan earthquake at 10 km depth assuming μ ′ 0:4 and advance/delay times of earthquake recurrence. Legends are the same as that of Figure 4 .
▴ Figure 6 . ΔCFS caused by the Wenchuan earthquake at 10 km depth assuming μ ′ 0:8 and advance/delay times of earthquake recurrence. Legends are the same as that of Figure 4. considered as an aftershock of a previous event, that is, the percentage of stress loading induced by the previous event in total stress loading (tectonic + earthquake induced). In this sense, the Lushan earthquake should be considered as at least 85% of an aftershock of the Wenchuan earthquake. Most of the time advance is due to the coseismic Coulomb stress increase on fault, but the postseismic Coulomb stress increase also had moderate contribution, equivalent to 1.5-3.4 years of time advance. That is, the viscoelastic loading due to the Wenchuan earthquake during the five years after the event, slowly but progressively increased the Coulomb stress on fault, and brought that to a delayed but ultimate failure.
DISCUSSIONS AND CONCLUSIONS
Comparing with previous studies, our paper uses a revised source model for Coulomb stress change calculation, with improved fault geometry and slip distribution of the Wenchuan earthquake, and a layered rheological structure of the lithosphere. In the latter, elastic and viscous properties are constrained using seismic profile data and GPS postseismic observations . The secular fault slip rates are also reevaluated using an updated GPS velocity dataset. Estimates of the ΔCFS and tectonic loading rates are therefore better estimated than previous studies (e.g., Nalbant and McClosky, 2011) . Such results are used to estimate changes of earthquake recurring times, enabling us to assess changes of seismic-hazard potentials due to the Wenchuan earthquake along adjacent faults.
Our assessment of earthquake timing is based on the assumption that earthquake occurrence is determined by the mean Coulomb stress accumulated on a fault plane, which can be decomposed into a secular tectonic loading component and a transient loading component with the latter resulted from coseismic and postseismic stress perturbations. This assumption does not consider some nonlinear effects on earthquake occurrence, such as accelerating failure governed by the rateand state-dependent friction law of Dieterich (1994) and those modeled by Rydelek and Sacks (1999) , which took into account the heterogeneous distribution of fault strength and/ or Coulomb stress. Such nonlinear stress loading and earthquake process, however, is difficult to model, because our knowledge is quite limited about the associated factors, such as the distributions of asperities and their friction properties on a fault, and the history of earthquake ruptures and their slip distributions. Ignoring such nonlinear processes of earthquake occurrence makes our modeling result and its associated estimate of earthquake triggering less definitive. Nevertheless, our result should be meaningful statistically, as our model based on the linear deformation and loading assumption should provide a first-order assessment of the problem. For assessing whether the Lushan earthquake is an aftershock of the Wenchuan earthquake, we focus on the comparison between triggering effect of the transient stress loading induced by the Wenchuan earthquake and that of tectonic stress loading, and thus provide a quantitative assessment for the aftershock component of the Lushan earthquake. Our conclusion on this is related to our assumption on earthquake occurrence, but is less sensitive to that assumption than those studies focusing on earthquake potentials.
In conclusion, we evaluate the Coulomb stress change at the rupture zone before the Lushan earthquake due to coseismic rupture and postseismic stress relaxation of the 2008 Wenchuan earthquake, and compare that with the tectonic loading Coulomb stress on the fault accumulated since the Wenchuan earthquake. Our results indicate that the Wenchuan induced coseismic and postseismic stress loading significantly increased the earthquake potential before the Lushan earthquake compared to the long-term tectonic loading, resulting in an advance on its occurrence of 28.4-59.3 years depending on the friction coefficient assumption. We conclude that the Lushan earthquake is at least 85% of a delayed aftershock of the Wenchuan earthquake. Our result is qualitatively consistent with that of Jia et al. (2014) , who estimated about 62% possibility of the Lushan earthquake being an aftershock of the Wenchuan earthquake. They reached the conclusion through statistical analysis of regional seismicity change due to direct and indirect triggering of the Wenchuan earthquake. They also calculated the Coulomb stress change due to coseismic and postseismic stress loading of the Wenchuan earthquake, and obtained results qualitatively consistent with ours. The differences in the actual values of Coulomb stress changes are perhaps due to employment of somewhat different earthquake rupture distribution and media property models in the calculation.
In this paper, we also examine the distribution of Wenchuan induced Coulomb stress change on the neighborhood faults for assessment of earthquake potential of the region. The result shows that earthquake potentials on the Xianshuihe and Mabian-Yanjin faults are slightly increased, whereas the stress levels on the Ganzi-Yushu, Longriba, Anninghe, and Daliangshan faults are decreased. Significant Coulomb stress increase is found in the seismic gap between the Wenchuan and Lushan fault ruptures, which is equivalent to 407-629 years of advancement of earthquake recurrence. Special attention is needed for its midterm earthquake potential. 
DATA AND RESOURCES
The GPS data used in this paper are from the Crustal Motion Observation Network of China project and its successor the Continental Tectonic Environmental Monitoring Network of China project, and from the National Basic Research project. These data were observed during 1999-2011. We processed these data to derive a horizontal-velocity field, which is Ⓔ provided in the supplementary material (Table S1 ). The rupture zone of the 2013 Lushan earthquake adopted in our model is resolved using coseismic displacements observed by GPS by Z. Jiang, M. Wang, Y. Wang, Y. Wu, S. Che, Z.-K. Shen, R. Burgmann, J. Sun, Y. Yang, H. Liao, and Q. Li.
